Bacteria tightly regulate and coordinate the various events in their cell cycles to duplicate themselves accurately and to control their cell sizes. Growth of Escherichia coli, in particular, follows a relation known as Schaechter's growth law. This law says that the average cell volume scales exponentially with growth rate, with a scaling exponent equal to the time from initiation of a round of DNA replication to the cell division at which the corresponding sister chromosomes segregate. Here, we sought to test the robustness of the growth law to systematic perturbations in cell dimensions as achieved by varying the expression levels of mreB and ftsZ. We found that decreasing mreB level resulted in increased cell width, with little change in cell length, whereas decreasing ftsZ level resulted in increased cell length. Furthermore, the time from replication termination to cell division increased with the perturbed dimension in both cases. Moreover, the growth law remained valid over a range of growth conditions and dimension perturbations. The growth law can be quantitatively interpreted as a consequence of a tight coupling of cell division to replication initiation. Thus, its robustness to perturbations in cell dimensions strongly supports models in which the timing of replication initiation governs that of cell division, and cell volume is the key phenomenological variable governing the timing of replication initiation. These conclusions are discussed in the context of our recently proposed "adder-per-origin" model, in which cells add a constant volume per origin between initiations and divide a constant time after initiation.
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Cell cycle | Cell growth | E. coli | DNA replication B acteria can regulate tightly and coordinate the various events in their cell cycles in order to accurately duplicate their genomes and to homeostatically regulate their cell sizes. This is a particular challenge under fast growth conditions where cells are undergoing multiple concurrent rounds of DNA replication. Despite much progress, we still have an incomplete understanding of the processes that coordinate DNA replication, cell growth, and cell division. This lack of understanding is manifested, for instance, in discrepancies among various recent studies that propose different models for control of cell division in the bacterium Escherichia coli.
One class of models suggests that cell division is triggered by the accumulation of a constant size (e.g. volume, length, or surface-area) between birth and division [1] [2] [3] . Such models are supported by experiments measuring correlations between cell size at birth and cell size at division, which showed that, when averaged over all cells of a given birth size vB, cell size at division vD approximately follows:
where the constant v0 sets the average cell size at birth. This is known as the "incremental" or "adder" model, and cells following this behavior are said to exhibit "adder correlations" [1] [2] [3] [4] [5] [6] [7] . Importantly, these models postulate that cell division is governed by a phenomenological size variable, with no explicit reference to DNA replication. A second class of models for control of cell division postulates that cell division is governed by the process of DNA replication, which can be described as follows. The time from a replication initiation event to the cell division that segregates the corresponding sister chromosomes can be split into the C period, from initiation to termination of replication, and the D period, from termination of replication to cell division [8, 9] . Both the C and D periods remain constant at approximately 40 and 20 minutes, respectively, for cells grown in various growth media supporting a range of doubling times between 20 and 60 minutes [10, 11] . We will refer to growth rates within this range as fast. All experiments described here are carried out under such fast growth conditions. Note that C + D is approximately 60 minutes and larger than the time between divisions at fast growth. This situation is achieved by the occurrence of multiple ongoing rounds of replication. That is, under these conditions, a cell initiates a round of replication simultaneously at multiple origins that ultimately give rise to the chromsomes of their grand-or even great-granddaughters [12] . Extending the basic definition of the C and D periods, Cooper and Helmstetter specifically proposed that an . .
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The authors declare no conflicts of interests. initiation event triggers a division after a time C + D, thereby ensuring that cells divide only after the completion of a round of DNA replication [8, 10] . This Cooper-Helmstetter (CH) formulation, hereafter the CH model, belongs to the second class of models for control of cell division.
The CH model is supported by the phenomenon of rate maintenance [13] : after a change from one growth medium to a richer one (a shift-up), cells continue to divide at the rate associated with the poorer medium for a period of 60 minutes. According to the CH model, in which division is triggered by initiation, all cells that have already initiated replication before a shift-up will have also already committed to their ensuing divisions, and thus the rate of division will remain unchanged for a time C + D following a shift-up.
The same value of 60 minutes had also emerged in a seemingly different context a decade earlier, in the seminal study of Schaechter et al. [14] . In their work, cell volumes, averaged over an exponentially growing population, were measured for culture growing under dozens of different growth media supporting fast growth. It was found that average cell volume was well described by an exponential relation with growth rate V = ∆e λT , where V is the average cell volume, ∆ is a constant with dimensions of volume, λ is the growth rate, τ = log(2)/λ is the doubling time, and T ≈ 60 mins.
Donachie showed that this exponential scaling of average cell volume with growth rate can also be explained by the CH model if it is further assumed that cells initiate replication on average at a constant volume ∆I per origin of replication at initiation [15] . Because cells grow exponentially at the singlecell level [16] , cells will then divide on average at a volume ∆I per origin times a scaling factor S = 2 (C+D)/τ . The average cell volume then follows
with ∆ = log(2)∆I , because the cell volume averaged over an exponentially growing population is the average cell volume at birth times 2 log(2) [17] . In Schaechter's experiments, the C and D periods were approximately constant, giving rise to the exponential scaling observed. However, the derivation for Eq. 2 holds regardless of the values of the C and D periods, and in cases where they are not constant, average cell volume is not expected to scale exponentially with growth rate. Eq. 2 is known as Schaechter's growth law, but will be referred to simply as the growth law for the rest of this manuscript. Recent single-cell analyses found that cells indeed initiate replication on average at a constant volume per origin or per some locus close to the origin [11] . While further experiments are required, the fact that introduction of an origin onto a plasmid does not affect cell cycle timings or cell size suggests that the latter possibility is correct [11, 18, 19] (SI ). Below, for simplicity, we will use the phrase "per origin," while keeping this complexity in mind.
Clearly, the two classes of models for control of cell division differ fundamentally. In the first class, division depends only on the accumulation of size from birth, and DNA replication plays no explicit role. In the second class, division is downstream of the preceding initiation of DNA replication. Importantly, also, the experiments leading to the first class of models defined cell size differences by measuring cell length. Since for a constant growth environment the widths of bacterial cells are very narrowly distributed with a coefficient of variation (CV) less than 0.05 [2] , these analyses cannot distinguish whether cell size in a given environment is set by a constant volume, surface-area, or length. This ambiguity raises the question of what is the key phenomenological variable governing cell cycle progression.
Here, we sought to test these models by perturbing cell dimensions in E. coli, and assaying the effects of those perturbations on both replication events and cell division. In our study, shape perturbations were achieved by systematically varying expression levels of the protein MreB, an actin homologue involved in cell wall synthesis, and the protein FtsZ, a tubulin homologue involved in the formation of the division septum [20, 21] . Our approach is indicated schematically in Fig. 1A . It extends and complements Schaechter's experi- Rel. ments, in which growth rate was perturbed, and is reminiscent of the work of Harris et al. [3] , in which cell dimensions were perturbed, but with the important addition to both studies that we also measured the cell cycle periods C and D because they play an important role in the CH model. For this paper, we define division as completion of septation.
Results
Decreased mreB level resulted in increased cell width, with little change in cell length. Cell length and cell width are two major characteristics of a rod-shaped cell. As a cell grows, cell length increases exponentially, while cell width remains constant. How cell width is determined and maintained is largely unknown. However, several mutations of mreB were reported to result in altered cell dimensions [20, 23, 24] , thus raising the possibility that alterations in mreB expression level would alter cell width. To continuously and systematically vary cell width, we constructed a strain in which the level of mreB could be experimentally controlled. We employed a system in which a Ptet-tetR feedback loop triggered mreB expression ( Fig. 2A , and SI ). The modulated copy of mreB was the sole version of the gene in the genome as the native copy of mreB was replaced by a kanamycin-resistance gene. In this construct, expression of mreB could be tightly controlled by adjusting the concentration of an appropriate inducer of PtettetR, anhydrotetracycline (aTc). We found that cell size increased with decreasing inducer concentration until, at very low mreB levels, the cells eventually lysed (at an aTc concentration below 1 ng ml −1 in Rich Defined Medium (RDM) + glucose). Above this minimum threshold, the expression level of mreB varied linearly with the concentration of inducer (Fig. 2B) . We also found that within a certain range of mreB expression levels, the volume growth rates, or OD600 doubling rates (Fig. S1) , of the titratable strain remained approximately constant (CV of 0.03) (Fig. 3D) . Together, these results suggest that the titratable system is suitable for characterizing the functions of MreB in a quantitative manner with no need to consider complications due to differing growth rates.
We next measured cell dimensions by phase contrast microscopy (Fig. 3A) , and found that with decreasing mreB expression level, the cell width increased (Fig. 3B) . The cell length changed slightly, which we discuss below (Fig. 3C, SI ) . Although the software used for image processing is designed to define bacterial cell dimensions to subpixel precision [25] , we wanted to verify our results using an independent method. We showed that the OD per cell is linearly correlated with the cell volume in µm 3 (Fig. S1 ). We also verified that neither the presence of inducer nor the presence of the genetic circuit construct has any effect on wild type cells within the ranges of inducer concentrations studied here (Fig. 3BC, and SI ) . Similar results were obtained in all other growth media, supporting various fast growth rates, tested in this study (Fig.  S2) . All of our experiments, and thus the resultant conclusions, concern fast growth conditions as defined above.
Cell width maintenance by cell wall stiffness. Lastly, we characterized in detail the morphological properties of the mreB titrated cells using scanning electron microscopy. Here, wider cells showed a slightly flattened, dumpling-like morphology (Fig. S3A) . It is known that MreB is involved in bacterial cell wall synthesis [20, 23, 24] . Thus it seemed possible that the cell wall might have become softer in cells expressing low levels of MreB. Due to the difficulty in directly measuring cell wall elasticity, we instead measured the effective cellular stiffness (ECS) of the mreB titrated cells using atomic force microscopy. As expected, the ECS significantly decreased as cell width increased (Fig. S3B) . This result raises the possibility that increased cell width reflects the force balance between turgor pressure and the tensile resistance of the cell wall.
Decreased ftsZ level resulted in increased cell length, and no change in cell width. We constructed and characterized, using the same method as above, an ftsZ -titratable strain to allow perturbation of cell length (SI ). We found, in agreement with previous work [21] , that cell length increased with decreased ftsZ expression levels, but that both cell width and growth rate remained relatively constant within the ranges of inducer concentration studied here (CV of 0.01 and 0.03 respectively, across different experiments, Fig. 3EFGH ).
Correlations between perturbed cell dimensions and cell cycle timings. We next investigated how the mreB and ftsZ expression levels affect the C and D periods. For a bulk culture in steady-state exponential growth, the CH model predicts that the average number of origins per cell, O , scales exponentially with growth rate [22, 26] . This is because in steadystate exponential growth, the number of cells and the total number of origins in the population must both grow exponentially at the same rate. However, because the CH model postulates that division only occurs after a time C + D following the corresponding initiation, the total number of origins will be larger than the number of cells by the scaling factor S, defined above. Therefore, O = S. This relation holds regardless of the value of C + D.
An expression for the average number of copies X of a gene per cell as a function of the location m of the gene along the chromosome (m = 0 for oriC and m = 1 for terC ) can be derived similarly. Under the assumption that replication forks travel at a constant speed, the expression is [26] . We used this relation to extract the lengths of the C and D periods from qPCR data of the copy numbers of different chromosome loci (including oriC, terC and a series of different loci between them; SI ). The C period was also measured independently by the methods in Refs. [27, 28] which gave values consistent with those obtained by the qPCR method (SI ). We also measured O using replication-run-out experiments (SI ).
These analyses revealed that, over the analyzed ranges in the levels of both mreB and ftsZ expression, the C period remained unchanged (CV of 0.09 and 0.05 for mreB-and ftsZtitratable strains, respectively), while the D period increased with increasing cell width or length, respectively (Fig. 4) . Note that the relation between the D period and cell length predicted by our model below is not linear, but appears approximately linear given the particular values of the relevant parameters under the conditions of these experiments.
The growth law holds in face of perturbations to cell dimensions. We find that the growth law, Eq. (2), holds in our experiments, both across a range of growth media (Fig. 4) and across the two titratable perturbations that drastically affected cell width and cell length (Fig. 5A) . The best fit proportionality constant is ∆ = 0.55 ± 0.04µm
3 . The plus-minus indicates the 95% confidence interval of the fit. From the derivation of the growth law in the Introduction, we find the average cell size per origin at initiation to be ∆I = 0.79 ± 0.06µm 3 . In contrast, the average cell area, cell length, and cell width are not proportional to the scaling factor S (Fig. 5B, Fig. S4 ).
We further tested the validity of a constant ∆ by fixing ∆ to 0.55µm 3 and calculating the ratio of log 2 (V /∆) and τ −1 , which is equal to C + D according to Eq. (2) (Fig. 6A) . We found that the values of C + D obtained in this way agree well with independent measurements in both the titratable, as well as wild type, strains (Fig. 6B ).
Discussion
Here, we perturbed cell dimensions and then observed the effects of these perturbations on the cell cycle in order to interrogate the mechanism of cell cycle regulation in E. coli. The most important finding of this work is that the growth law, that average cell volume is proportional to the scaling factor S = 2 (C+D)/τ , remained valid across large perturbations in cell dimensions. As discussed in the Introduction, the growth law can be quantitatively derived under two assumptions: (i) the CH model, that replication initiation triggers cell division after a constant time C + D, and (ii) that the average cell volume at initiation of DNA replication is proportional to the number of origins at initiation. The robustness of the growth law as documented above suggests that both assumptions hold in face of the perturbations studied here.
Correspondingly, given the first assumption, the presented results support the second class of models for control of cell division (Introduction) in which the timing of initiation governs that of division, and opposes the first class of models in which the timing of division is governed by the accumulation of cell size with no explicit reference to DNA replication. The presented findings do not rule out models in which, oppositely to the CH model, division triggers initiation. However, these models are heavily challenged by the finding that C +D is essentially constant (CV of approximately 0.1) on the indicates mreB-titratable, ftsZ -titratable, and wild type strains, respectively. Different colors denote growth media: red is RDM+glucose, blue RDM+glycerol. The SEMs of three replicates were smaller than the size of the symbols.
single-cell level at fast growth [11] . To be consistent with this finding, these models must somehow coordinate the triggered initiation event with the division event in the next generation. Further studies will be required to investigate this possibility. Our findings also provide information about the question of what key phenomenological variable governs cell cycle progression. We find that only cell volume, and not surface-area, length, or width, is proportional to the scaling factor S (Fig.  5, Fig. S4 ). Together with the second assumption (above), the robustness of the growth law then supports the hypothesis that volume per origin, rather than other geometric features, is the key phenomenological variable that is invariant at initiation. Hence, cell volume governs the timing of initiation and, by the CH model, the timing of division.
Figs. 5 and 6 also show that the proportionality constant ∆, which links average cell volume to the scaling factor S in the growth law (Eq. 2), remained constant across the perturbations studied here. In the derivation of the growth law, ∆ is proportional to ∆I , or the average volume per origin required for initiation. The constancy of ∆ therefore suggest that none of the perturbations studied (MreB, FtsZ, and various growth media) affected the molecular mechanism underlying the regulation of initiation. Despite drastic changes in cell shape, the titratable strains still initiated replication on average at a constant 0.79 ± 0.06µm 3 per origin just as in wild type. This value for the average cell volume per origin at initiation is similar to the recently reported value of 0.9 − 1.0µm
3 [11] .
Although the present study examined altered genetic conditions that result in altered cell length and cell width, our analysis implies that these changes in cell length and cell width did not affect cell volume directly. Rather -since neither genetic perturbation affected growth rate, the C period, or ∆ -changes in the D period alone were responsible for the observed changes in cell volume, which in turn are manifested as changes in cell length and cell width. this situation, happens to manifest as an increase in length alone, with no change in width. This asymmetric change in length, versus width, matches the fact that cell width is maintained normally even in filamentous cells where septation is completely eliminated [21, 29] .
Reduced mreB expression also increases the D period. In one possibility, MreB would have two direct roles: both in septation via local effects at the division site [30] , and in determining cell width. Here, at reduced MreB levels, delayed septation would increase the D period. Due to the second role of MreB, the corresponding increase in cell volume in this case is implemented mostly by the increase in cell width. Alternatively, MreB might play only the role of determining cell width. In this scenario, the increased cell width then results in a prolonged septation process and thus, a longer D period. In both scenarios, however, given experimentally-determined values for the D period and cell width, the cell volume predicted by the growth law also dictates small changes in cell length. The magnitudes of these predicted changes are just at the level of detection of the current study but are consistent with observed values (Fig. S5) .
In general, the growth law specifies cell volume without reference to the aspect ratio of the rod-shape morphology. As a result, a given change in cell volume due to a change in the parameters of the growth law can be manifested as diverse combinations of changes in cell length and cell width.
Our analysis has shown that, in analyzing size-related measurements, the growth law and its underlying tenets imply that any perturbations to the C or D periods, or growth rate will affect cell volume -even if the perturbations are not affecting the core mechanism of size regulation that determines the value of the invariant average cell volume per origin at initiation. Thus, with respect to determining cell size, an important distinction can be made between "primary" and "secondary" regulators, as highlighted in Ref. [31] . In the context of the above analysis, MreB and FtsZ appear to be secondary regulators in E. coli because ∆ remained constant across titrated mreB and ftsZ levels.
All of the considerations above build on the classical works of Schaechter, CH, and Donachie, which consider population average behaviors. Donachie further proposed a single-cell interpretation of his idea in which initiation occurs in a cell when the cell reaches a constant volume per origin [15] . How-ever, the proposal is not compatible with experimental singlecell measurements showing adder correlations between cell sizes at births and at divisions (see Introduction) because it predicts no such correlations under conditions where growth rate is essentially constant [2, 16, 22] .
As resolution to this conflict, some of us have recently proposed a phenomenological adder-per-origin model in which a constant volume is added between two rounds of initiations, rather than between two rounds of divisions [4, 22] . We have shown that this adder-per-origin model leads both to adder correlations and a constant average cell volume per origin at initiation. Furthermore, adder-per-origin can also explain rate maintenance and the growth law.
We conclude by discussing several unsolved questions. First, we have ignored single-cell fluctuations in the C and D periods in our discussion, but recent works show that they are important to understanding single-cell correlations [22, 32] . We have also not discussed E. coli in slow growth conditions, but several works raise the possibility that E. coli might behave qualitatively differently there. For one, previous works suggested that average cell volume per origin at initiation is not constant in such conditions [33, 34] . Recent works also suggested that at slow growth, E. coli does not show adder correlations [11] . In light of these observations, it will be important to further study the single-cell physiology of E. coli under cell dimension perturbations at slow growth.
There has recently been much interest in the question of cell size homeostasis across all domains of life [35] , and we note that adder-per-origin may be applicable to other organisms as well. For example, it is known that the bacterium Bacillus subtilis also exhibits the growth law and adder correlations. Repeating the experiment here in B. subtilis may help probe the relations between cell dimensions and cell cycle timings in a Gram-positive bacterium. Adder correlations in cell volume were also found recently in budding yeast diploid daughter cells [6] . Given the different morphology of these cells, which changes dramatically throughout the cell cycle and particularly at budding, it is plausible that cell volume, and not cell shape, is the key phenomenological variable governing cell cycle regulation also in this case.
Importantly, although our study here has suggested a coarse-grained, phenomenological model on the level of cell dimensions, it has not alluded to the molecular players involved. Several hypothetical molecular mechanisms, such as the accumulation of a threshold amount of an initiator protein per origin [36] or the dilution of an inhibitor protein [37] , were previously shown to implement molecularly the phenomenological model discussed here [6, 22] . Yet despite decades of work, the molecular mechanism for cell cycle regulation in bacteria remains a fundamental unsolved question.
